relation
The most familiar feature of muscle is that it can shorten to lift a load and thereby do visible work. Nevertheless, the introduction to quantitative study of muscle function in some student laboratories is limited to isometric responses because the available equipment is the strain gauge and polygraph. Important observations such as external work and the velocity of shortening as a function of load cannot easily be accomplished in the isometric mode, and the student may obtain a more realistic picture of muscle behavior from isotonic contraction.
Functions such as intensity-response and strength-duration curves, the responses to twin pulses and to repetitive stimulation, and the length-tension relation can be observed with isotonic and with isometric recording. This paper describes a way to adapt the strain-gauge force transducer to serve as an isotonic lever system, i.e., to monitor changes in length during contraction of striated or smooth muscle, for example, of frog. The muscle is held submerged in aerated physiological solution, e.g., 25% seawater for frog (see Ref. 1) . It is stimulated directly through "fluid electrodes" in which the muscle is passed through a gap in a rubber barrier or indirectly via the nerve held in a suction electrode.
In a previously described chamber for stimulating and recording electrically from nerve and muscle with easily constructed suction electrodes (1) the specimen is disposed horizontally, an orientation convenient for electrical recording. Vertical orientation of the muscle, as in a heart or smooth muscle chamber, is the most convenient arrangement for recording isometric and isotonic
contractions. An arrangement is therefore described in which the muscle can be oriented horizontally or vertically. After the muscle INNOVATIONS A N D I D E A S has been attached to the floor of the chamber, a simple tower that allows the fluid level to be raised is erected. Then the muscle can remain submerged, whatever its position. Gaps and electrodes for stimulation or electrical recording are then installed in the tower as required. Surrounding fluid in the main bath can serve as a temperature buffer.
THE TOWER
To raise the fluid level to accommodate the vertically oriented muscle, a tower is constructed from the top section of a disposable plastic beaker ( Figs. 1 and 2 ). The section of beaker is clamped inverted firmly in place on the floor of a larger chamber by means of mirror-holding tabs onto the flange, forming thereby a leak-proof seal between the inside and the outside of the tower (Figs. 1, E, and 2, E). The chamber previously described (1) can be adapted for this purpose by the addition of four tapped holes in the floor or in a separate false bottom Plexiglas panel. The dimensions are not critical, and any similar box will be sufCcient. The muscle is then connected to the lever (Fig. 3A,  L2 ), and the tower is filled with physiological solution to the desired level. To allow a higher water level, the top section of another beaker can be slipped firmly in place over the main tower (Fig. 2) .
ISOTONIC RECORDING BY MODIFIED FORCE TRANSDUCER
A cantilever (Fig. 3A, L2 ) adapts the force transducer to monitor length rather than force by amplifying the displacement of the force transducer [e.g., Statham strain gauge (SG) used without springs]. Because of the mechanical advantage conferred by the lever, a centimeter or more of shortening transmitted to lever L2 by the muscle is translated into a much smaller deflection within the range of the transducer. The total stretch or shortening by a frog skeletal muscle is <20% of the muscle length, well within the allowable Fig. 1 ) is supplied here with hook (H; see Fig. 1 ) to which gut is tied. Bottom: view of tower from above. Inset: cut of beaker for tower sections.
range of motion in the system. Care must of course be A small cap (N) made of nylon or Delrin provides a taken to avoid pegging the levers.
snug fit between transducer post and cantilever L2.
MODIFICATION OF THE SG
The isotonic lever LI is held (C2) onpost P2, clamped (Cl) to the force transducer arm, held in ratchet positioner RI, which allows positioning of the levers and adjustment of tension in the muscle attachment line. If the frog gastrocnemius muscle is used, a force of one-half a kilogram can be exerted, and the assemIn Fig. $4 , one arm of the isotonic lever (Ll) holds the load pan (W), and the other is linked to the force transducer (SG) via the long lever (L2) of small mass (e.g., a thin stainless steel tube) and to the muscle (M modified for use inside the tower incorporates a means of direct stimulation of the muscle (see Fig. 6 ).
THE GASTROCNEMIUS MUSCLE PREPARATION
Preparation of the gastrocnemius muscle and nerve from the completely pithed frog is, in most student laboratories, a routine procedure.
For the present purposes, a length of the nerve extending to the muscle from about the point where the sciatic plexus becomes the sciatic nerve will suffice, but the full length, including sciatic plexus, can be more convenient. Adherent tags of muscle or connective tissue should be removed so that the cut end of the nerve will fit easily into the suction electrode used for nerve stimulation.
Extra care must be taken to avoid injury in freeing the muscle and its branching nerve in the region of insertion at the knee. After adjacent muscles have been stripped off, the femur and tibiofibula are each cut -1.5 cm from the muscle origin. The muscle is then held in place by a clamp onto the bones (Figs. 1, 4, and 5). A line is tied to the tendon of Achilles for attachment to the transducer.
INDIRECT STIMULATION OF THE MUSCLE (VIA THE NERVE)
Stimulation of the nerve of the muscle held within the tower requires a suction electrode (1) together with its mate and a wire connected to ground. The latter two can be simple Ag-AgCl wire electrodes (see, e.g., Ref. 1), each in a polyethylene tube (Fig. 4 , A and B) held to the tower wall by means of a clip made from a section of a disposable l-ml plastic syringe (see Fig. 4 ). The suction electrode should be filled with physiological solution before it is installed. It is held in place by a slotted section of a 3-ml disposable plastic syringe (Fig. 4, H) . Expel any air bubbles remaining in the electrode tube.
Maneuver the end of the nerve near the bent suction electrode tip and, with a sudden but small incremental withdrawal of the plunger, pull the end of the nerve a few millimeters into the tube, but let it remain slack. When the lever system is well adjusted, a 10-g load will take the slack out of the muscle line at "resting" muscle length. With the properly balanced transducer amplifier(s) set comfortably high (i.e., just short of a "noisy" baseline in the recording), set the stimulator VOLUME near the lowest frequency, pulse duration -0.1 ms, and resolutely increase the voltage intensity until a response is observed on the recording device.
especially if the nerve has suffered trauma during dissection. Furthermore, neuromuscular transmission has a low safety factor compared with direct stimulation, and the relatively high Mg2+ content of the If no response is observed, and you conclude after seawater solution can exacerbate the disadvantage. thoroughly checking that the nerve has been grossly
The depressive effects of the high Mg2+ on neuromusinjured or disengaged from the muscle, convert to cular transmission can be countered by the addition of direct stimulation (see below). Otherwise, adjust stimu-2 mM CaCl,/l diluted seawater. lus parameters, muscle tension, etc., and proceed to observe various response characteristics of the muscle. directly. This maneuver requires a region of high resistance so that the current will be directed into the muscle fibers. In an arrangement sometimes used for direct stimulation in the student laboratory, a flexible wire is attached to one end of the partially submerged muscle. Then, stimulation can be delivered at the air-water interface between that wire and a second wire immersed in the surrounding fluid. In the present arrangement, the muscle remains completely submerged, and a gap device made from a truncated disposable syringe (Fig. 5) provides the zone of high resistance. To construct the gap electrode, cut off the nib of a 60-ml plastic syringe, leaving a hole at least 10 mm in diameter. On the smoothed surface, attach with cyanoacrylate adhesive (superglue) a piece of rubber dental dam, and, in the center, punch a hole -5 mm in diameter.
The high resistance at the gap not only directs stimulating current into the muscle fibers, but it also ensures that the voltage drop due to longitudinal currents will be adequate for recording action potentials. The gap surrounding the muscle must fit loosely, or else movement of the muscle may be impeded, but it must not be too loose, or else the external resistance will be too low. To install the gap device, feed the gastrocnemius line through from the bottom of the gap. Clamp the device in place, reattach the muscle line, rebalance the lever system, then carefully lower the gap device to the desired level on the muscle belly. In position at the base of the muscle, the gap does not hinder the contraction. The stimulus, although delivered directly to the muscle fibers, also affects the nerve endings. This is in contrast to the sartorius, which can be stimulated at the nerve-free pelvic end (see below).
Stimuli are delivered (Fig. 5, S ) through simple AgAgCl wires clipped (Fig. 5, D and E) to the side of the gap device. If equipment is available, these electrodes can be used instead to record action potentials that precede the contraction during stimulation of the nerve. Electrical recording from the muscle during direct stimulation is usually impracticable in this arrangement, even with a separate pair of electrodes (like Fig. 5 , D and E), because the large stimulus artifact is difficult to control.
THE SARTORIUS MUSCLE
the nerve-free pelvic end. In this situation, the muscle Suggestions about the preparation of the somewhat delicate thin flat sartorius muscle have been made previously (1) . With a bit of practice, the instructor can successfully isolate the muscle free of the underlying adductor longus. To allow vertical and horizontal orientation of the muscle, the clamp described in the earlier report has been modified, as shown in Fig. 6 . The clamp allows direct stimulation of the muscle at action potential that activates the contraction machinery arises at the stimulus locus rather than at the nerve-muscle junction. If the nerve has been spared, a result that will require some extra effort, indirect stimulation through the nerve can also be accomplished as described above for the gastrocnemius. The sartorius muscle of the common grass frog will sustain a maximum load of -100 g. Stretching of attachments Lock the tower in place, and attach the tendon line, e.g., with two half-hitches, to Zeuer L2 (Fig. $4) . Into the load pan, place a weight (5-10 g, e.g., 5-10 ml HzO) to counterbalance the muscle resting tension. Withposiboner RI, move the assembly upward, and, with clamp C2, adjust the position of lever LI to provide suitable tension on the muscle and appropriate range on the levers. Care must be taken that the levers are at no time set at their extreme positions (i.e., "pegged").
If the arms of lever Ll are equal length, the force exerted by the muscle as it lifts a load is equal to the load (in multiples of g, the acceleration due to gravity). Initially, shortening will occur until the force exerted by the muscle equals the force provided by the weight.
Further shortening moves the weight upward, draws Zeuer L2 downward, and produces a deflection of the recorder pen.
LENGTH CALIBRATION
Figures 7 and 8 are examples of results obtained with the described apparatus.
The effect of a second stimulus pulse delivered to the muscle nerve at increasing intervals after the first is shown in Fig. 7 . In this example, the conditioning volley of impulses resulting from the first stimulus has the greatest impact in facilitating the contraction amplitude evoked by the test (second) pulse when the interpulse interval is -15 ms (the peak in Fig. 7R ). The high Mg2+ content of the diluted seawater physiological solution
The deflections in the polygraph or cathode ray oscilloscope (CRO) records must be translated into the equivalent actual displacements of the muscle. Because the appropriate amplifier settings can be arrived at only with the muscle in place, the calibration is best done after the experiment.
For length calibration, the lever can be moved vertically by l-mm steps as the polygraph paper is transported at -25 mm/min or the beam of the CR0 (in storage mode) sweeps slowly (e.g., 5 s/division) across the screen. A positioner provided with a millimeter scale and arranged to move the end of the lever up or down over its working range will give the necessary control (Fig. 3C, has diminished neuromuscular transmission, the endinvolving greater interpulse intervals are smaller, as plate potentials are therefore small, and the recorded the probability of end-plate potential summation demechanical response to a single shock is also small. A clines. Ordinarily, when the single-shock response is second shock dramatically facilitates transmission along reasonably large, there is facilitation of contraction due a time course that reflects the summation of end-plate to application of force to the load at a time when the potentials (see Ref. 1) . The response to double shocks elastic component is still stretched from the previous with interpulse intervals up to -15 ms, favoring maxcontraction. In the present instance, in which the imum end-plate facilitation, appears as a large simple single-shock response is very small, that mechanism single twitch. The contractions due to stimulus pairs must make only a minor contribution to the record.
Responses to increasing load on a preloaded directly stimulated gastrocnemius muscle are shown in Fig.  84 . The peak amplitude and the rate of rise of the tetanic response both decrease as the load is increased. The velocity of shortening (Fig. SS) , the work accomplished as a function of load, and the lengthtension relation (Fig. SC) can be obtained from such a set of records. The velocity vs. load curve approximates a rectangular hyperbola as described by Hill (2; also see Ref.
3).
THE LENGTH-TENSION DIAGRAM
The length-tension diagram is ordinarily obtained from the muscle under isometric conditions in which the length is varied, and the resulting force is the dependent variable.
The relation between length and force can be seen equally well for isotonic contraction. In this instance, however, the force against which the muscle contracts is, strictly speaking, the independent variable (the experimenter varies the load), and the resulting length is the dependent variable. Figure 84 shows a set of tetanic contractions of a muscle stretched by successive increments of force (as added weights).
In Fig. 8C , data from Fig. 8A have been plotted in the conventional way, with length on the x-axis. For each point in Fig. 8C , top, that specifies the force during passive stretch, there is to the left a point showing the length to which the muscle shortened during contraction. The length associated with contraction is measured with reference to the original initial resting length taken as zero.
In this plot, there are two values of force for each length of muscle. During contraction, the muscle length diminishes, depending on the load, and the force associated with the shorter length is greater than the force required to hold the muscle at the same length at rest. The difference between these two forces is the contraction force exerted by the muscle, in excess of the passive force at that length (Fig. 8C, bottom).
The length-tension relation can be described for either preloaded or afterloaded conditions. In the preloaded situation, the initial length from which the muscle shortens is increased as the load is increased, and the load is already passively stretching the muscle at the moment that the stimulus is delivered. Because the elastic component is already stretched out, force is immediately exerted on the transducer. After it is loaded, the muscle is relatively slack because the load is held by a stop, until the force develops sufficiently to move the lever free from the stop. Thus there is a delay, proportional to the load, before the transducer detects the muscle contraction.
CONCLUSION
The beginning student who is lucky enough to be enrolled in a physiology laboratory course should get experience with isotonic contraction. If the commonly used Statham SG isometric force transducer is available, it can be converted to serve as an isotonic length monitor. This paper also suggests inexpensive and convenient ways of holding the isolated nervemuscle preparation under optimal conditions. Simultaneous recording of mechanical and electrical responses in smooth or striated muscle can be undertaken in one versatile system constructed mainly from inexpensive disposable plastic components. A special opportunity for graphic analysis is provided in the length-tension diagram obtained from isotonic rather than isometric data.
